The authors tested 90 rhesus monkeys (Macaca mulatta) on a task of spatial memory, the spatial Delayed Recognition Span Test. The results showed that performance declined significantly with age, males had greater scores than females, and the rate of apparent decline with age was greater in males than in females. Both working and reference memory declined with age, but only working memory showed sex differences. The authors compared these data with that of 22 monkeys who were trained on a simpler version of the task before formal testing. Training had no effect on males but dramatically improved working memory in young females. The results confirm a male advantage in spatial working memory at a young age and confirm a greater decline with age in males than in females. It is important to note that prior training completely reverses the deficits of young females.
Sex differences in behavioral, cognitive, physiological, and pathological functions have recently been recognized in a seminal report from the Institute of Medicine (Wizemann & Pardue, 2001 ). In the cognitive and motor domains, men typically outperform women for spatial abilities, mathematical reasoning, and motor targeting, whereas women outperform men for verbal abilities, fine motor skills, and perceptual speed (Halpern, 1992; Hampson, 2002; Kimura, 1999; Linn & Petersen, 1985; Voyer, Voyer, & Bryden, 1995) .
The neural correlates of cognitive sex differences remain unclear at this time. Sexually dimorphic structures are abundant in the human brain (de Courten-Myers, 1999) , and sex differences have been reported in brain metabolite concentrations (Grachev & Apkarian, 2000) , in resting cerebral glucose metabolism (Gur et al., 1995) , in resting cerebral blood flow (Esposito, Van Horn, Weinberger, & Berman, 1996) , and in neural circuits recruited during performance of specific tasks (Gron, Wunderlich, Spitzer, Tomczak, & Riepe, 2000; Jordan, Wustenberg, Heinze, Peters, & Jancke, 2002; Shaywitz et al., 1995) . However, the functional relevance of these sex differences remains unknown.
Although cognitive and brain sex differences are well documented, very little is known about the course of cognitive and brain sex differences across the life span. Indeed, the older population is the least studied group for cognitive sex differences (Kimura, 1999) , and findings are inconsistent regarding whether men and women differ in cognitive functioning and age-related cognitive decline. Some studies have indicated that the typical pattern of sex differences in verbal and spatial abilities generalizes from early adulthood to old age (Herlitz, Nilsson, & Backman, 1997; Larrabee & Crook, 1993) , whereas other studies have claimed that sex differences do not persist into old age (Dollinger, 1995; Herman & Bruce, 1983; Robert & Tanguay, 1990; Schwartz & Karp, 1967) . Evidence for sex differences in the magnitude of age-related cognitive decline is also conflicting. Some studies have pointed to a greater age-related decline in men than in women (Barrett-Connor & Kritz-Silverstein, 1999; Elias, Elias, D'Agostino, Silbershatz, & Wolf, 1997; Meyer et al., 1999; Rowe, Turcotte, & Hasher, 2004; Van Exel et al., 2001; Wiederholt et al., 1993) , whereas other studies have pointed to a greater decline in women than in men (Brayne, Gill, Paykel, Huppert, & O'Connor, 1995; Elias & Kinsbourne, 1974; Meinz & Salthouse, 1998; Prince, Lewis, Bird, Blizard, & Mann, 1996) . Finally, other studies have not found sex differences in age-related cognitive decline Maitland, Intrieri, Schaie, & Willis, 2000; Singer, Verhaeghen, Ghisletta, Lindenberger, & Baltes, 2003) . Sex differences have also been reported in regard to aging of the brain, with most studies pointing to greater age-related changes in men than in women, but the findings are also inconsistent (Coffey et al., 1998; Cowell et al., 1994; Murphy et al., 1996; Raz et al., 2004) .
These discrepancies may result from the use of different tasks across studies (Rice & Morse, 2003) and from population biases (Raz et al., 2004; Yaffe, Sawaya, Lieberburg, & Grady, 1998) . For example, the boundaries between normal aging and dementia are unclear in humans and the inclusion of subjects suffering from Alzheimer's disease or other types of dementia in the samples may bias the results. Furthermore, because fewer men reach older ages compared with women, the selection of very healthy men may also be a source of bias.
Thus, investigating cognitive sex differences in an animal model that is relatively free from such confounds may provide important information on sex-specific patterns of age-related cognitive change. Such information is crucial for the development of effective therapeutics against age-related cognitive decline. In a previous study in 26 rhesus monkeys (Macaca mulatta), we found that males undergo greater age-related decline in spatial memory than females (Lacreuse, Herndon, Killiany, Rosene, & Moss, 1999) . In the present experiment, we examined the robustness of this finding in a large sample of monkeys tested in the same task. In addition, we examined whether prior training can enhance spatial memory performance in young and aged animals.
Method

Subjects
We used 112 rhesus monkeys in the study. Monkeys under the age of 15 were considered young, monkeys between 15 and 20 years of age were considered middle-aged, and monkeys 20 or older were considered old (see Table 1 ). The group without prior training (n ϭ 90) consisted of 8 young females, 3 middle-aged females, 27 old females, 27 young males, 10 middle-aged males, and 15 old males. The group with prior training (n ϭ 22) included 4 young females, 6 middle-aged females, 3 old females, 5 young males, and 4 old males. The monkeys were not deprived of food or water and received their normal daily ration of monkey chow (LabDiet monkey diet jumbo, PMI Nutrition Int'l, Brentwood, MO) and fresh fruits. They were humanely treated in accordance with the standards of the Association for Assessment and Accreditation of Laboratory Animal Care.
Procedure
The monkeys were naive regarding cognitive testing before performing the cognitive battery. They were tested in a Wisconsin general testing apparatus for a battery of seven tasks described in detail elsewhere (Herndon, Moss, Rosene, & Killiany, 1997) . All testing was strictly identical for all 112 monkeys, with the exception of additional training for 22 monkeys with pretraining. They performed the following tests (in this order): the acquisition of the delayed nonmatching-to-sample (DNMS), the DNMS 2-min delay, the DNMS 10-min delay, the spatial Delayed Recognition Span Test (DRST) pretraining (22 monkeys only), and the spatial DRST. Subsequently to the spatial DRST, the monkeys performed the object DRST, the spatial reversal, and the object reversal, completing a total of seven tasks. We examined the reliability of our previous finding (Lacreuse et al., 1999) in the spatial DRST, which assesses spatial recognition memory.
Formal Spatial DRST. In this test, monkeys have to discriminate a stimulus in a new location among an increasing number of identical stimuli presented sequentially in various locations within the same trial. The stimuli are brown disks that are about 4 cm in diameter. The test tray consists of 18 food wells that are arranged in a 3 ϫ 6 matrix. Testing begins when a food item is placed in a well and then covered by a disk. The monkey can displace the disk to recover the reward. A screen is lowered in between the experimenter and the monkey for 10 s, during which the experimenter replaces the disk in its original location and adds a new disk in a different location with a reward underneath. The screen is then raised, and the monkey has to displace the new disk to get the reward. After each correct response, additional disks are added until the monkey makes a mistake or until the monkey chooses 9 correct disks consecutively. Two types of sequences, novel and repeated, are included in the task. For the novel sequences, stimuli are placed on the tray according to a pseudorandom sequence, using the 18 food wells with equal frequency. Performance on these trials evaluates working memory, as the information is relevant for one trial only. For the repeated sequence, the disks are presented on the tray in a unique sequence that is repeated across sessions, allowing the monkeys to memorize it. No other cue aside from the initial position of the first stimulus is associated with this sequence. Performance on these trials measures reference memory, as the information provided is relevant across trials. Ten trials are administered each day for a total of 10 days (100 trials, comprising 75 novel and 25 repeated sequences). The mean number of disks that the monkey correctly chooses before making a mistake is called the spatial memory span. The scores are also calculated separately for the novel and repeated sequences. Chance level corresponds to a span of 1.72.
Pretraining on Spatial DRST. An additional group of monkeys (n ϭ 22) was trained to a criterion level on a simpler version of the task immediately before the onset of formal testing on the spatial DRST. For this training, only the six wells of the middle row of the tray were used and the monkey was familiarized with the task using a sequence limited to two disks. The monkey was first presented with one disk that could be displaced to get a food reward. The screen was lowered for 2 s, during which the experimenter replaced the disk in its original location and added a new disk in a different location with a reward underneath. The screen was raised, and the monkey had to displace the new disk to get the reward. In contrast to the formal testing procedure, no other disk was added; instead, a new trial (with one disk) began. When monkeys achieved a criterion of nine correct responses in 10 consecutive trials, the delay between the presentations of the two disks was increased from 2 to 5 s. When a criterion of three correct responses out of four consecutive trials was reached, the delay was then increased from 5 to 10 s. Once the monkey reached nine correct responses out of 10 consecutive trials, the formal testing was started. Thirty trials per day were given. 
Data Analysis
In the first set of analyses, the group without prior training (n ϭ 90) and the group with prior training (n ϭ 22) were analyzed separately. We followed two different approaches to analyze these data.
The first approach considered age as a continuous variable and used multiple linear regression models, including terms for age, sex, and Age ϫ Sex, to analyze total span scores, novel span scores, and repeated span scores. The second approach included age categories as factors and compared performance on the total span, novel span, and repeated span scores across age categories using two-way analyses of variance (ANOVAs) and follow-up post hoc tests (Bonferroni's test).
To assess the effect of pretraining, we performed an overall analysis on the entire group of monkeys (n ϭ 112) using a three-way ANOVA with sex and age and pretraining status as independent variables. We then performed post hoc analyses to evaluate the sex-and age-specific effects of pretraining. Specifically, we compared performance of pretrained monkeys with that of monkeys not receiving pretraining within each age-sex combination. This resulted in four post hoc contrasts, which we evaluated by using Bonferroni's test to compute simultaneous 95% confidence intervals. Confidence intervals that excluded zero were taken to indicate that pretraining had a significant effect after correction for multiple comparisons.
Results
Monkeys Without Training (n ϭ 90)
As can be seen in Figure 1 , the total span scores decreased significantly with age, t(86) ϭ 4.81, p Ͻ .0001. The effect of age on the memory span was significant for both the novel, t (86) It is important to note that the rate of apparent decline with age was greater in males than in females, t(86) ϭ 1.96, p ϭ .05, when the total span scores were considered. The interaction between sex and age was also significant for the novel sequences, t(86) ϭ 2.09, p Ͻ .05, but not for the repeated sequence, t(86) ϭ 0.78, ns.
Monkeys With Pretraining (n ϭ 22)
Pretraining data. As can be seen in Figure 2 , the total number of trials and errors to reach criterion in the training phase depended on the sex and age of the monkeys. The ANOVAs indicated that sex interacted with age for the number of trials, F(1, 17) ϭ 9.30, p Ͻ .01, and the number of errors, F(1, 17) ϭ 4.39, p ϭ .05, to reach criterion. This interaction was further analyzed by calculating Bonferroni's confidence intervals (CIs) of the differences between the means. Exclusion of zero, the null value, from the CI for a comparison indicates that the difference is significant at the .05 level. This analysis indicated that the old males differed significantly from the young males both for the number of errors (95% CI: 4.62 to 274) and the number of trials to criterion (95% CI: 51.3 to 530). The other comparisons were not significant.
Formal testing. The regression analyses showed that the total span, t (18) 
Overall Analysis
The lack of sex difference in performance in the pretrained group suggested that females, but not males, may have benefited from training. To examine this possibility, we performed an analysis including the entire group (n ϭ 112 monkeys), with sex, age, and training status as independent variables.
The ANOVAs showed higher total span scores in males than in females, F(1, 101) Similar results were obtained for the novel span scores, with higher scores in males than in females, F(1, 101) ϭ 7.14, p Ͻ .01, higher scores in the pretrained monkeys, F(1, 101) ϭ 9.71, p Ͻ .01, and a significant effect of age, F(2, 101) ϭ 10.63, p Ͻ .0001. The middle-aged females achieved higher novel span scores than the old females (95% CI: 0.017 to 0.84), and the young males obtained higher novel span scores than the old males (95% CI: Ϫ0.69 to Ϫ0.06). The Sex ϫ Age ϫ Training Status interaction was significant, F(1, 101) ϭ 4.28, p Ͻ .05.
As can be seen in Figure 3 , training dramatically improved performance of the young females for the novel sequences (95% CI: Ϫ1.50 to Ϫ0.12). The effect was of borderline significance for the total span (95% CI: Ϫ1.44 to 0.004). In contrast, the performance of males was not significantly affected by training.
Discussion
In this large sample of 90 rhesus monkeys, we replicated our initial finding that males outperform females in spatial memory in young age but that the sex difference no longer exists in old age (Lacreuse et al., 1999) . In addition, we demonstrated that the male advantage is restricted to working memory as opposed to reference memory, suggesting that, compared with young females, young males are better at keeping track of new locations when the information is relevant within trials. In contrast, females perform as well as males when they can memorize the locations across trials, indicating that memory load capacity is similar in both sexes. Spatial working and reference memory both decline significantly with age, but the decline in spatial working memory appears to be greater in males than in females. Furthermore, we found that young females, but not males, can benefit from prior training, suggesting that part of the young females' memory deficits are related to the use of inappropriate strategies that can be learnt through prior training.
These results have important implications for the understanding of sex differences in spatial abilities across the life span. Sex differences favoring males have been documented in numerous rodent and human studies using spatial memory tasks (Collaer & Hines, 1995; Hampson, 2002; Williams & Meck, 1991) . However, results have been inconsistent as to whether males outperform females for working memory only (this article), reference memory only (Bimonte, Hyde, Hoplight, & Denenberg, 2000; Roof, 1993) , or both memory systems (Gresack & Frick, 2003) . Spatial working memory and spatial reference memory have been proposed to be distinct systems (Olton, Becker, & Handelman, 1979; Reisel et al., 2002 ) that may both reside within the hippocampus (Abrahams, Pickering, Polkey, & Morris, 1997; Schmitt, Deacon, Seeburg, Rawlins, & Bannerman, 2003) . In the present study, the male advantage was clearly restricted to the working memory component of the task. Because both males and females were able to memorize a similar number of items on the repeated sequence, it is unlikely that the sex difference is related to different storage Figure 2 . Number of trials and errors to reach criterion (ϩ SEM) on the pretraining task as a function of sex and age categories for the 22 monkeys with pretraining. YM ϭ young males; OM ϭ old males; YF ϭ young females; MAF ϭ middle-aged females; OF ϭ old females. *p Ͻ .05, Bonferroni's test.
capacities between males and females. Rather, males may have a greater capacity for encoding, maintaining, and/or updating spatial information as the number of items increases within a trial. Indeed, the novel sequences necessitated the integration and manipulation of spatial information, whereas the location of the stimuli for the repeated sequence could have been encoded and retrieved as a static spatial layout. Thus, the male advantage for the working memory component of the task could be related to an advantage in encoding precise Euclidean positional information (Collaer & Nelson, 2002; Galea & Kimura, 1993; Postma, Jager, Kessels, Koppeschaar, & van Honk, 2004; Sandstrom, Kaufman, & Huettel, 1998; Saucier et al., 2002; Williams & Meck, 1991) or to an advantage in transforming or manipulating mental images as opposed to recalling visual characteristics of images (Loring-Meier & Halpern, 1999; Vecchi & Girelli, 1998 ).
An alternative explanation would pose that differences in the complexity of the working memory and reference tasks account for the male advantage in the more difficult task. Indeed, because monkeys obtained higher span scores in the reference memory task than in the working memory task, we cannot rule out that task difficulty elicited the male advantage in spatial working memory. In humans, task complexity (e.g., in mental rotation tasks) has often been evoked as a factor biasing spatial performance in favor of men. For example, when the timed component of the mental rotation task is lifted, the sex difference has been found to disappear (Goldstein, Haldane, & Mitchell, 1990) or to be reduced (Prinzel & Freeman, 1995) . The role of task factors will have to be explored in subsequent experiments in which the working memory and reference memory tasks are of comparable difficulty.
It is important to note that our findings confirm that the greater ability of males over females to hold and/or manipulate spatial information in working memory may be lost with age. In humans, working memory is also impaired with age (Salthouse, Mitchell, & Palmon, 1989) , but relatively few studies have investigated whether this decline differs between the sexes. Consistent with our findings, Rowe et al. (2004) found that performance in a task closely related to the spatial DRST (the Corsi block span task) was better in young men than in young women but similar between old men and old women. Two studies using rats reported similar effects. Lukoyanov, Andrade, Dulce, and Paula-Barbosa (1999) found that whereas male and female rats tested in the water maze had the same pattern of reference memory decline, working memory deficits developed faster in males than in females. Also in the water maze, Veng, Granholm, and Rose (2003) indicated that male rats outperformed females in youth but not in old age. These results are at odds with another study in rats, which showed that females decline earlier than males for reference memory (see also in mice : Frick, Burlingame, Arters, & Berger-Sweeney, 2000) and have a greater decline than males for working memory (Markowska, 1999) . The source of these conflicting results remains unclear at this time, but could be related to the stressful nature of the water-maze task and its differential impact on males' and females' cognitive abilities (Luine, 2002) .
Because the spatial DRST is sensitive to hippocampal lesions (Beason-Held, Rosene, Killiany, & Moss, 1999) , one might speculate that the hippocampus undergoes greater age-related alterations in males than in females. Although some reports in humans are consistent with this hypothesis (Golomb et al., 1993; Pruessner, Collins, Pruessner, & Evans, 2001; Raz et al., 2004) , others have found that age-related hippocampal volume loss is greater in women than in men (Murphy et al., 1996) . In addition, we found no evidence for a differential decline in hippocampal volume between males and females in a small sample of 15 monkeys (Lacreuse et al., in press ). Rather than hippocampal atrophy, however, more subtle age-related changes in cellular morphology, synapse, or neurochemistry (Gallagher, Bizon, Hoyt, Helm, & Lund, 2003; Gazzaley, Siegel, Kordower, Mufson, & Morrison, 1996; Keuker, Luiten, & Fuchs, 2003; Luebke & Rosene, 2003; Morrison & Hof, 2002; Rosenzweig & Barnes, 2003) could underlie sex differences in age-related hippocampal dysfunction. Furthermore, age-related reductions in hippocampal cerebral blood flow and metabolic rates for glucose that have been found in aged monkeys (Noda et al., 2002) could also differ between males and females and account for sex differences in spatial working memory.
The impact of prior training on spatial memory performance was unexpected. Young females were able to completely reverse their deficits and obtain scores similar to that of young males following a simpler training with two locations. These results suggest that, through training, young females were able to learn the spatial requirements of the task that were spontaneously used by young males. Males and females have been found to rely on different cues (Tropp & Markus, 2001) , with males being more selectively tuned to geometry and females to objects or landmarks (Astur, Ortiz, & Sutherland, 1998; Collaer & Nelson, 2002; Dabbs, Chang, Strong, & Milun, 1997; Galea & Kimura, 1993; Miller & Santoni, 1986; Sandstrom et al., 1998; Saucier et al., 2002) . Improved performance in females, but not males, after training has also been reported in rats (Perrot-Sinal, Kostenuik, Ossenkopp, & Kavaliers, 1996) and in several human studies (Goldstein & Chance, 1965; Goldstein et al., 1990; Johnson, Flinn, & Tyer, 1979; Sacuzzo, Craig, Johnson, & Larson, 1996; Stericker & LeVesconte, 1983; Vasta, Knott, & Gaze, 1996) .
There is solid evidence to postulate that androgenic masculinization of the brain during development (Hines et al., 2003; Roof, 1993; Williams & Meck, 1991) and activational effects of androgens in adulthood (Aleman, Bronk, Kessels, Koppeschaar, & van Honk, 2004; Cherrier et al., 2001; Hooven, Chabris, Ellison, & Kosslyn, 2004; Janowsky, Oviatt, & Orwoll, 1994; Naghdi, Nafisy, & Majlessi, 2001; Van Goozen, Cohen-Kettenis, Gooren, Frijda, & Van de Poll, 1994 underlie sex differences in spatial abilities. In aged men, gradual decline in testosterone levels has also been associated with poorer performance on some tests of spatial ability (Moffat et al., 2002) . Thus, the greater decline in spatial working memory in male relative to female rhesus monkeys could be because of declining levels of testosterone with age. Although total plasma testosterone levels are similar between young and aged rhesus monkeys (Schwartz & Kemnitz, 1992) , levels of free testosterone are reduced by 50% in aged males (Chambers, Hess, & Phoenix, 1981) . In addition, aged male rhesus monkeys show clear alteration in circadian patterns of testosterone levels and reduced responsiveness to luteinizing hormone (Kaler, Gliessman, Hess, & Hill, 1986) . These age-related changes could account for the decline in hippocampal-dependent spatial working memory, as testosterone is necessary for the maintenance of normal spine density in CA1 in nonhuman primates (Leranth, PrangeKiel, Frick, & Horvath, 2004) , increases the number of dendritic spines in CA1 of the hippocampus in male and female rats (Leranth, Hajszan, & MacLusky, 2004) , and affects regional brain perfusion in older hypogonadal men (Azad, Pitale, Barnes, & Friedman, 2003) .
Conversely, female rhesus monkeys also undergo important endocrine changes with age. In particular, older females above the age of 25 were likely to be peri-or postmenopausal (Gilardi, Shideler, Valverde, Roberts, & Lasley, 1997; Walker, 1995) . Because estrogen deficiency, after natural or surgical menopause, has been shown to affect aspects of cognitive function both in women (Sherwin, 2003) and nonhuman primates (Lacreuse, Herndon, & Moss, 2000; Roberts, Gilardi, Lasley, & Rapp, 1997) , menopausal status may have affected spatial memory performance in older females. For example, long-term deprivation of estrogen in ovariectomized monkeys was associated with better spatial DRST performance in one previous study in aged female rhesus monkeys (Lacreuse, Herndon, & Moss, 2000) . Because the duration of estrogen deficiency may play a major role in affecting cognitive outcomes (e.g., Nappi et al., 1999) , endocrine measurements will be necessary to establish the effect of peri-or postmenopausal status on cognitive function in future studies. Longitudinal studies examining the neural and endocrine correlates of cognitive aging in male and female rhesus monkeys will be very valuable to help understanding the biological underpinnings of sex differences in brain and cognition throughout the life span.
